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KINETICS OF TREAT USED AS A TEST REACTOR 

by 

C. E. Dickerman, R. D. Johnson, and J. Gasidlo 

I. INTRODUCTION 

An experimental p rogram designed to study the meltdown behavior 
of fast reactor fuel elements under in-pile transient conditions has been 
undertaken by Argonne National Laboratory with the use of the Transient 
Reactor Test Facility (TREAT). The reactor went cr i t ical in February, 
1959. Several months of engineering checkout and steady-state experimen
tation were followed in the summer of 1959 by a ser ies of t empera ture -
limited reac tor -phys ics , t ransient kinetics experiments . In September, 
1959, the f irs t meltdown experiments were performed. During the next 
18 months, approximately 100 meltdown tests were run on dry samples 
in TREAT. A status report on the resul ts of these experiments on sample 
fast reactor fuel elements has been prepared.(-^ J 

This repor t presents an analysis of the reactor kinetics of TREAT 
used as a pulsed, engineering test reactor for the fast reactor fuel e le
ment studies. Those studies a re continuing. This kinetics analysis is 
being given to provide a description of the reactor performance over a 
wide range of conditions of in teres t in its use as a test reactor , and as 
a supplement to the status report of meltdown experimentation.(1) 

TREAT design was described at the Second Geneva Conference on 
the Peaceful Uses of Atomic Energy.(2) Reactor-physics calculations 
based on the design have been published.(3.4) Engineering details have 
been reported in the reactor hazards summary r e p o r t ^ ) and the 
engineering-design report.("•' 

Briefly, TREAT was designed for use as a neutron source for 
t ransient experiments requiring a large integrated thermal neutron flux 
in a single burst , with the flux distributed over a large sample volume. 
It is a graphi te-moderated reactor with fuel consisting of 16- to 18-fi 
uranium oxide par t ic les in a graphite matr ix . Thus, the moderator 
provides a large heat sink in close contact with the fuel. 

Use of the graphite moderator as a heat sink introduces a sizeable, 
prompt, negative tempera ture coefficient of reactivity, since a r i se in 
graphite tempera ture produces a r ise in the " temperature" of the thermal 
neutrons and thus increases the probability of thermal neutron leakage 
from the core . 
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When TREAT is used m its normal i . l e as^a transient e n g ^ e r i ^ ^ ^ 

test reactor, the central fuel element is " / ; - ; ^ m e n t containing a 

sample, and there may be one or 
two viewing slots. In order to 
permit an extensive program of 
checkout and evaluation of ad
vanced instrumentation for the 
meltdown project, the reactor 
was loaded consistently for melt
down experimentation(l) with 
2 viewing slots forming one con
tinuous gap, except for the dummy 
experimental element in the test 
hole (see Fig. 2), through the core 
from the north face to the south 
face. The number of fuel e le
ments was adjusted to provide an 
adequate kgx for t ransients , 
usually ~27o with experimental 
dummy element, meltdown sam
ple, and the N-S slot. Figure 3 
shows a typical reactor-loading 
diagram for this slotted configu
ration: the loading for the first 
ser ies of meltdown experiments. 

An analysis of the reactor kinetics of TREAT, loaded in its simplest 
configuration of a solid, cylindrical core without experimental dummy ele
ment or slots, has been published.!?) That analysis was based on a study 
of a series of temperature-limited reactor transient experiments per -
formed as a part of the experimental reactor-physics programl«i car r ied 
out prior to initiation of engineering tests in TREAT. TREAT, as loaded 
for a typical meltdown experiment, has been changed considerably from 
the corresponding solid-core loading having the same excess reactivity. 

l a o REGULAR FUEL ELEMENTS 

13 SLOTTED FUEL ELEHEHTS 

8 CONTROL RODS 

TEST HOLE 

S L O n E D ELEMENTS 

TYP CAL 

F I G . 3 

S L O T T E D - C O R E L O A D I 

( F I R S T MELTDOWN SER 

NG D 

l E S ) 

AGRAM 

(1) The kgx worth of the straight-through N-S double slot was 
measured to be Ak = -5.75%.(8) 

(2) The kex worth of a dummy element replacing a regular fuel 
element at the central core position has been measured as 
Ak = -0.55%. 

(3) The kgx contribution of a meltdown sample plus its standard 
dry, opaque containment capsule has been estimated to range 
between -0.33 and -0.37% Akgx for samples of the type studied 
during the initial experimentation. One measurement of the 
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worth of capsule + sample was made, yielding a result of 
Akgjj. = -0.4% for a combination predicted to have a worth of 
Akgx = -0.37%. 

Distribution of the flux in the core is changed by the absence 
of fuel in the slot and neutron streaming down the slot, so that 
there is a flux depression in and near the slot and the maximum 
core flux occurs at points ~20 cm to the east and west of the 
core center, ra ther than at a single point near the geometrical 
center.("^'S) 

Figure 4 demonstrates graphically the perturbations caused by 
sample, sample holder, and slot. It shows measured core temperatures 

after a transient initiated with 1.32% 

meltdown experiment of Series I 
(Transient 26). Also given for com
parison is the temperature profile 
to be expected for the solid-core 
reactor after a transient initiated 

-
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BETWEEN 

NGS 

were taken on the horizontal mid-
plane, along a line running through 
the centerline of the central fuel 
position, perpendicular to the slot. 

No naodifications have been 
made in the static reactor calcula
tions of temperature coefficient of 
reactivity and prompt neutron life-
time(3.4,7) because of the large un
certainties inherent in theoretical 
models that might be utilized to de

scribe the effects of flux depression and neutron streaming on lifetime, 
neutron thermalization, and leakage. 

This analysis was prepared with two aims: to deduce a reasonable 
and consistent description of the TREAT kinetics for operation with the 
large perturbations introduced by experimental requirements of the melt
down project, and to check the degree of agreement between such experi
mental operation and predictions based on the ear l ie r solid-core analysis. 
Accordingly, the work given herein follows an outline similar to that of 
the solid-core analysis, and consisted of the following steps: 

F i rs t , experimental reactor feedback data were extracted from 
records of temperature- l imited TREAT transients . Values of neutron 
density as a function of time were taken from the oscillograph t races of 

V) 
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. . , ^ntnnt The information about neutron density, a 
reactor power mstrument output. ; ^^^^" calculated fractions of 
measured value of prompt - - ^ - ^ ^ ^ f ^ ^ ^ ^ ^ p ^ . ' ^ . f ^/^^^^^ of kex 
effective delayed neutrons were used as input ^^t^ 
as a function of time, made with an electronic ^^^^^''/^^J^^^,,,, density 
computer resul ts , values of kgx as a function °'^^'^^^^^^^^^^ ^, ,^, i , . 
or temperature during the transient were obtained. T h s phase o 
vestigation, as in the case of the - l ^ d - ^ - . ^ ' l ^ . ^ y ^ / g ^ g ' l l r - d a t a p o i n t i 
purposes of orientation, because of scatter m ^^^^^fj^^^^^f'^^^^ provided 
bnly 5 slotted-core transient experiments were thus ''"'^'^^•J'^.r the 
S p L L e n t a l feedback data over the range of reactor operation durmg 
period of meltdown experimentation covered by this report . 

Second, experimental power t races were compared - i^h resul ts of 
calculations of reactor power based on the theoretical "^^^^^^^^^^J^^gf ,„ 
as a function of core temperature for a TREAT-like system^ normal-^^^^^^^ 
experiment for the simple solid-core configuration.(V) Reasonable agree 
ment was found between predictions of reactor power based ^ ^^^ ^^^^ 
core feedback and the results of the meltdown experiments . This eed^ack 
was normalized to provide better general agreement with ^^P^f;"^^;^^^.^^^ 
power for the meltdown transients . In general, it was found that -f^^l-['°^' 
based on the solid-core feedback and the peak power-normalized slotted 
core feedback bracketed experimental resul ts . 

Third, the resulting normalized slotted-core feedback was used in 
attempts to reproduce features of the experimental power data. In the 
case of temperature- l imited t ransients , checks were made for power curve 
shapes, integrated transient power, and maximum reactor t empera tu res . 
For meltdown experiments in which the power pulses were clipped by p ro 
grammed rod scram at relatively low integrated power, general agreement 
was sought for power curve shapes, peak power as a function of power at 
scram and integrated power as a function of integrated power at sc ram. 
Some investigation was also made of the features of "flattened" reactor 
t ransients , in which the power burs t is initiated with a given kgx, the power 
level is limited by the feedback, and the power is then sustained at a m o r e -
or - l ess constant value by insertion of additional kex t° counter the loss 
of reactivity due to reactor heating. 

Finally, theoretical calculations were extended to higher reactor 
temperatures than those encountered in the test t rans ien t s , and es t imates 
were made of temperature- l imited kinetics performance to be expected 
during more severe reactor t ransients with a s imilar loading. 

The range of transient power, power curve shapes, and t rans ien t 
durations covered in this analysis is i l lustrated in Fig. 5, which shows r e 
actor power curves for 7 typical s lot ted-core , t empera ture - l imi ted t r an 
sients performed during the course of the meltdown experiments. '-
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II. CALCULATIONS 

A. Data Reduction 

1. Data 

Transient information used in this analysis of TREAT kinetics 
performance during meltdown experiments consisted of the following data: 

(1) Oscillograph t races of transient output from 2 boron 
chambers located in the reactor shielding, and driving 
2 linear amplifiers. The chambers were designated as 
Safety 1 and Safety 2. 

(2) Oscillograph t races of transient output from another pair 
of boron chambers in the shielding. These chambers drive 
logarithmic amplifiers and were named Log 1 and Log 2. 

(3) Before-and-after readings of the Brown-recorder record 
of output from a thermocouple located, within experimental 
e r ro r , at the point of maximum reactor t empera tu re . 

(4) Total number of counts recorded from either one or two 
U"^ fission chambers located in the reactor shielding. 

(5) Control-rod positions at the pretransient cr i t ical i ty check 
and immediately preceding the firing of the t ransient rod 
drive. 

Chamber calibration techniques are discussed elsewhere,(°) 
as are the uncertainties and ranges of application of data from the sources 
listed above.(''') As before, the log power instruments were used only to de
termine relative reactor power; they provided values of initial t ransient 
periods, general character is t ics of transient power curves , and power levels 
near the end of transients. Records of the linear instrument output were 
used to obtain values of maximum transient power and quantitative data for 
power within approximately one decade of the maximum. 

In order to perform calculations resulting in es t imates of 
meltdown-sample t empera ture - r i se ra tes , tempera ture gradients within 
meltdown samples, and maximum sample t empera tu res , it was found neces 
sary to establish descriptions of pulse shapes of reactor power and maxi
mum power as a function of initial kgx. The tempera ture details depend 
sensitively upon pulse peak power, width of power excursion, and magnitude 
of power "tail."(-^) Hence, power records for a given transient were com
pared with each other for consistency, then checked with values of maximum 
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peak power, pulse width, and indices of power decrease after the peak that 
gave good general agreement for the complete set of transient power records . 

Two of the 3 techniques used prev ious ly^ ' " ) for measuring 
integrated reactor power were utilized: measurement of r i ses of core 
temperature and recording on sca lers the outputs of either one or two fis
sion counters. Values of integrated reactor power for the meltdown t ran
sients were obtained by combining data from these techniques. 

TREAT control rods were calibrated by the "rod bump" method 
with the reactor loaded in a typical meltdown configuration and a Chemical 
Engineering experimental autoclave(9) in the central core position. The 
resulting calibration curve,(^) which has been in general use for TREAT 
experimental work, makes it possible to obtain values of initial t ransient 
kex independent of the initial kex calculated from the initial periods of the 
log power records . Effects of coupling between different control rods were 
minimized by the standard operating procedure for temperature- l imi ted or 
clipped t ransients (but not including flattened burs t s , which require a more 
complicated pret ransient rod configuration) which includes the following 
steps: 

(1) Pre t rans ien t crit icali ty check with Rod I, only, in the 
reactor core. 

(2) Movement of Rod 1 such that its change in worth is equal 
to the desired initial kgx, compensated, as necessary , by 
insertion of Rod 2 into the core to maintain criticality. 

(3) Initiation of the transient by firing Rod 2 from the core. 

2. kex Calculations 

Values of initial kex. °^ kex(O), were obtained by comparing the 
averaged asymptotic reactor periods read from the log power instrument 
data with calculations of asymptotic reactor period made with the m e a s 
ured TREAT prompt neutron lifetime (9.0 x lO'* sec),(8) the effective de
layed neutron fractions calculated for the sol id-core r eac to r , ( ' ) and the 
Argonne IBM 704 code RE 130.(1°) xhis code solves the inhour equation 

Zrr Pieff 
+ T l_, 1 + Xifteff 

where I is the prompt neutron lifetime, T is the asymptotic reactor period, 
/3ieff is the effective fraction for the i'h delayed neutron group, and Xi is 
the decay constant of the ifh p recursor group. Results of these calculations 
for TREAT are shown in Fig. 6. 
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iP i = 0.007178 

i = 9.0 X 10-^ SEC 

iSYHPTOTlC PERIOD. SEC. 

FIG. 6 

VS ASYMPTOTIC PERIOD FOR THE TREAT REACTOR 

A c o m p a r i s o n be tween va lue s of in i t ia l kex ob ta ined f r o m the 
c o n t r o l - r o d ca l i b r a t i on cu rve and those obta ined f r o m m e a s u r e m e n t s of 
the a sympto t i c r e a c t o r p e r i o d s is given m F i g . 7, in which the r a t i o of 
kgx(O) f rom asympto t i c p e r i o d s to kex(O) f rom rod c a l i b r a t i o n s is g r a p h e d 
as a function of the l a t t e r . In the a b s e n c e of de t a i l ed m e a s u r e m e n t s of 
p r o m p t n e u t r o n l i fe t ime for the specif ic c o r e conf igura t ions c o n s i d e r e d 
h e r e . F ig . 7 cannot be u s e d to d r aw a defini t ive c o n c l u s i o n a s to the s u i t 
abi l i ty of the p a r t i c u l a r va lue s of j3i eff u s e d . Howeve r , the f igu re does not 
show any c l e a r devia t ion of the type to be expec t ed f r o m u s e e i t h e r of the 
wrong value of i or of the wrong va lues of Pi eff • Rod c a l i b r a t i o n s w e r e 
made with l a r g e va lues of T, for which the inhour equa t ion h a s the a s y m p 
totic fo rm 

ex T Z^ 
Pi eff 

Xi 
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COMPARISON Of INITIAL k^^ FROM ASYMPTOTIC PERIOD WITH THAT FROM ROD 
CALIBRATIONS, SLOTTED CORE LOADING 
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F o r s u p e r - p r o m p t - c r i t i c a l p e r i o d s , the e q u a t i o n h a s the a s y m p t o t i c f o r m 

kex ~ Y + Peff • (3) 

H e n c e , fo r t h e c a s e of e i t h e r w r o n g I, o r w r o n g /3ieff> the r a t i o would be 
e s s e n t i a l l y un i ty for kgx(O) < Pgff, but would dev ia t e t h e r e f r o m for h i g h e r 
v a l u e s of kex(O). t he d e v i a t i o n b e c o m i n g g r e a t e r the l a r g e r the kex(O)- No 
d e v i a t i o n of t h i s k ind i s a p p a r e n t wi th in e x p e r i m e n t a l u n c e r t a i n t i e s . The 
a v e r a g e of the p o i n t s shown in F i g . 7 i s 1.017 - r e a s o n a b l e a g r e e m e n t 
wi th in the e s t i m a t e d u n c e r t a i n t i e s in r od c a l i b r a t i o n , r e c o r d e r t r a c e r e a d 
ing , m e t h o d s of c a l c u l a t i n g P j e f f / ^ ' and the l i f e t i m e m e a s u r e m e n t s . ' " / 

C a l c u l a t i o n s of kgx a s a funct ion of t i m e w e r e m a d e a s before*> ' 
u s i n g the A r g o n n e IBM 704 code Re 171,(• ' '•)* which s o l v e s the o n e - e n e r g y 
g r o u p , s p a c e - i n d e p e n d e n t c o u p l e d r e a c t o r k i n e t i c s equa t i ons 

^ = [kex (1 - /3eff) - Peff] j + ^ ^ ^ i ' ^ i ^*^ 

and 

Ci = ( l + k e x ) n ^ ^ - >^iCi , (5) 

w h e r e n i s t he n e u t r o n d e n s i t y , Peff i s the effect ive d e l a y e d n e u t r o n f r a c 
t ion , and Ci i s the c o n c e n t r a t i o n of the i ' ^ p r e c u r s o r g roup . 

T h r e e c a l c u l a t i o n s w e r e m a d e of kex as a funct ion of t i m e for 
5 t e s t t r a n s i e n t s : the f i r s t 4 m e l t d o w n e x p e r i m e n t s ( T r a n s i e n t s 24, 26, 27, 
and 28) which p r o v i d e d e a r l y o r i e n t a t i o n and a s s i s t a n c e on e x p e r i m e n t a l 
p l ann ing , and T r a n s i e n t 174 (which e x t e n d e d the r a n g e of t he e x p e r i m e n t a l 
f e edback da t a to i nc lude h i g h e r i n i t i a l kgx)- V a l u e s of r e l a t i v e r e a c t o r 
p o w e r a s a funct ion of t i m e f r o m Safety 1, Safe ty 2, and Log 1 w e r e u s e d in 
o r d e r to c o v e r the full r a n g e of the t r a n s i e n t s . Abso lu t e n o r m a l i z a t i o n of 
the i n s t r u m e n t s w a s not n e c e s s a r y at t h i s s t a g e , s i nce the k i n e t i c s e q u a t i o n s 
depend on r e l a t i v e , not a b s o l u t e , p o w e r ( see E q s . 4. and 5). 

Ou tpu t s of the 4 p o w e r i n s t r u m e n t s for T r a n s i e n t s 24 and 174 
a r e shown in F i g s . 8 and 9, r e s p e c t i v e l y . R e a d i n g s f r o m the l i n e a r i n s t r u 
m e n t s h a v e b e e n c o n v e r t e d to m e g a w a t t s ( l e f t -hand s c a l e s ) . The Log 1 and 
Log 2 r e c o r d s h a v e not b e e n c o n v e r t e d to m e g a w a t t s , bu t r e m a i n in a m 
p e r e s ( r i g h t - h a n d s c a l e s ) in the f i g u r e s . R e s u l t s of the kex c a l c u l a t i o n s for 
t h e s e t r a n s i e n t s a r e g iven in F i g . 10 ( T r a n s i e n t 24) and F i g . 11 ( T r a n s i e n t 174). 
T h e d a t a in F i g s . 8 to 11 a r e t y p i c a l of t h o s e for a l l 5 t r a n s i e n t s s e l e c t e d 
for d i r e c t a n a l y s i s of t he r e a c t o r f e e d b a c k r e l a t i o n s h i p . 

*This code is the IBlvl-704 version of space-independent kinetics code RE-3l' ' which was written for the 
AVIDAC computer. 
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B. Theoretical Calculations 

Feedback 

Results of calculations of the temperature coefficient of r eac 
tivity for a TREAT-like reactor have been reported previously. (3.4,5,7) 
Figure 12 displays the temperature coefficient of reactivity as a function 
of temperature for a spherical TREAT reactor with a reflector of averaged 
composition, an isothermal core, and a reflector at 300°K. Multigroup 
diffusion theory, employing a 20-group set of c ross sections with a single 
fast group down to 2 ev and the gas model for energy exchange between 
graphite and neutrons within the remaining 19 groups, was used. (') 

M I M T T T 

CORE MODERATOR, °C 

T E M P E R A T U R E C O E F F I C I E R T OF R E A C T I V I T Y 

C A L C U L A T E D FOR T R E A T S O L I D CORE 

Curves of integrated neutron density vs kex were derived from 
that of Fig. 12 by use of experimental data for TREAT fuel enthalpy, a 
Maxwellian thermal spectrum, a fission cross section of 582 b, and a value 
of 173 Mev for the effective energy release per fission during each transient. 
Four curves of the integrated-neutron-density feedback relationship are 
shown in Fig. 1 3: 

(1) a curve derived directly from that of Fig. 12; 

(2) the normalized feedback relationship adopted for the solid 
core on the basis of the results of the kinetics experiments 
on that loading;l ') 
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(3) the feedback relationship obtained by normalizing the 
solid-core feedback to give general agreement with the 
maximum reactor power from the slotted-core meltdown 
t ransients ; 

(4) a curve calculated under the assumption of a constant tem
perature feedback of 

d k f 

keff 
-2.5 X 10"* dT (6) 

This last curve is not straight because the specific heat of the fuel is not 
constant. Implied in the direct conversion from temperature to integrated 
neutron density are the following assumptions: 

(1) Heat transfer from the urania fuel part icles to the graphite 
heat sink is essentially instantaneous. 

(2) No appreciable heat is lost from the core during t ransients . 

(3) No appreciable redistribution of temperature occurs in the 
reactor during t ransients . 

(4) The fission cross section is l /v over the temperature range 
of interest . 

IHTEGHATED NEUTRON DENSITY x l O " ' 

f I G . 13 

k vs INTEGRATED NEUTRON DENSITY RELATIONSHI 
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The time constant for heat transfer from the urania fuel pa r 
ticles to graphite has been estimated, under conservative conditions, to be 
1.8 ms.(^ ' Figure 14 shows the temperature t races for 2 core thermo
couples after typical t ransients initiated with 0.68% and 1.63% kex. with the 
reactor loaded to include slot, dummy experimental element, and encap
sulated samples. These curves demonstrate that, even with the large 
openings into the core and the resulting enhancement and complexity of 
paths for cooling air, no appreciable heat energy is redistr ibuted or lost 
on a time scale comparable with that of typical t rans ients . It should be 
noted that the time response of the core thermocouples shown in Fig. 14 
is typical for all the reactor thermocouples, and is much too slow to show 
a time lag of the order of a few milliseconds. 

THERMOCOUPLE 6 

THERMOCOUPLE M 

T IME. SEC - ARBITRARY ZERO 

F I G . l U 

T Y P I C A L C O R E - T E M P E R A T U R E T R A C E S 

2. Calculation of n(t) 

Neutron density as a function of time was calculated for theo
retical transients corresponding to the experimental t ransients by means 
of the Argonne IBM-704 kinetics code RE-129.* This code complements 
RE-171 and solves for n(t), given input parameters specifying kex(t). Two 
RE-129 options are pertinent to this study: 

129C: kex(t) = kex(O) + At + B / ndt (7) 

12 9H: kex(t) = kex(O) f^ Ait^ + ^ ^ i /ndt (8) 

•This is an IBM-704 version of the AVIDAC code RE-29.(^^) 
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where the A, Ai, B, and Bi are constants and i ranges from 1 to 4. The 
simpler code 129C was used for the initial surveys of n(t) and J"ndt as a 
function of initial kex for purposes of specifying the reactor settings for 
meltdown experiments , and correlat ing and smoothing the early reactor 
kinetics resul t s . As more data were made available and it became appro
priate to phase in consideration of the actual nonlinear reactor kex vs Jndt 
relationship, use was made of RE-129H. The constants A and Ai provide 
a convenient means for specifying reactivity changes due to control rod 
motion; the constants B and Bi allow one to program calculations in which 
the reactivity feedback var ies as that of a TREAT-like reactor . Provision 
is made in both versions for changing A and B (or the Ai and Bi) at preset 
points in the course of calculations. 

Values of Bi for the theoretical feedback relationship were ob
tained by fitting the curve shown in Fig. 12 to the fourth-order Bi relation
ship by least squares . Similarly, values of Ai which approximated the 
kex(t) changes due to rod motion were obtained for each specific case, as 
needed, by folding the rod-calibrat ion curve and curves of control-rod 
position as a function of t ime, then fitting the resulting kex(t) curve to the 
fourth-order Ai polynomial by least squares. Two types of rod motion 
were reproduced: the regular shutdown scram motion used to terminate 
t ransients , and the s low-scram mode of operation by means of which it 
was possible to remove slowly control-rod poison from the reactor core 
over a t ime of the order of seconds, and thus sustain the reactor power 
(the "flat-top" type of TREAT power transient) . 

3. Reactor Power Calculations 

Calculated values of n(t) were converted into specific reactor 
power by means of the equation!'^ 

Pg = Kp n , (9) 

where Pg is the specific average reactor power in units of megawatts per 
TREAT fuel element, and Kp is a conversion factor defined by 

number of U '̂̂  atoms 25 
Kn = X Of 

f fuel element '• 

Mw / 5 c m \ Mw 
2.2 X 10 X — : \ sec/ t ission 

= 3 . 2 3 2 x 1 0 - ' ° Mw-cm^ (jOj 
element-neutrons 

Conversion from specific power to reactor power was made by 
multiplying Ps by Ne, the "effective" number of fuel elements in the core. 
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In typ ica l u s e , the r e a c t o r con t a in s m o r e fuel than i s n e c e s s a r y to supp ly 
the kex(O) for each e x p e r i m e n t , and the e x c e s s kex i s he ld down by c o n t r o l 
r o d s . The effective n u m b e r of e l e m e n t s i s a funct ion of r e a c t o r load ing and 
in i t ia l kex; the r e l a t i o n s h i p u s e d for a n a l y s i s of the r e a c t o r p e r f o r m a n c e 
for t h e s e me l tdown e x p e r i m e n t s i s shown in F i g . 15 .* C a l c u l a t i o n s of c o r e 
s ize vs k by Schoebe r l e ' ^ ' * ' w e r e n o r m a l i z e d to r e a c t o r m e a s u r e m e n t s in 
o r d e r to obta in the c u r v e . 
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EFFECTIVE NUMBER OF CORE ELEMENTS, 

F I G . 15 

Ng VS k e f f ( O ) FOR TREAT SLOTTED CORE 

F o r a given value of kgx. the va lue of Ne for the s l o t t ed r e a c t o r 
i s about 27% g r e a t e r than that of the s i m p l e s o l i d - c o r e load ing . In o r d e r 
to m i n i m i z e d i s c r e p a n c i e s in c a l cu l a t i ons of to ta l r e a c t o r power f r o m the 
k ine t i c s ca lcu la t ions of n( t) , 2 s lo t t ed fuel e l e m e n t s w e r e a s s u m e d to be 
equiva lent to a s t a n d a r d fuel e l e m e n t . 

Tota l c a l c u l a t e d i n t e g r a t e d power for a t r a n s i e n t w a s ob ta ined 
by taking the i n t e g r a t e d power va lue c a l c u l a t e d d i r e c t l y f r o m the r e l e v a n t 
n(t) computa t ion and mul t ip ly ing by 1 8 2 / l 7 3 to inc lude the e s t i m a t e d 9 Mev 
pe r f i ss ion addi t ional e n e r g y r e l e a s e o c c u r r i n g due to f i s s i o n p r o d u c t decay . 

4. N o r m a l i z a t i o n 

Ca lcu la t ed power va lue s w e r e n o r m a l i z e d to e x p e r i m e n t a l da ta 
by the me thod d e s c r i b e d previously.C?) T h i s t echn ique p r e s e r v e s the shape 
of the power c u r v e and is equ iva len t to mu l t i p ly ing the power v a l u e s by a 
cons tan t . Hence , the abi l i ty of a given feedback r e l a t i o n s h i p to r e p r o d u c e a 
given b u r s t shape could be checked independen t ly of check ing the f eedback 
abso lu te n o r m a l i z a t i o n . 

*In. F ig . 15 is p lot ted in i t ia l keff a g a i n s t Ne keff 1 + k e 
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III. COMPARISON O F E X P E R I M E N T AND CALCULATIONS FOR 
T R E A T T E M P E R A T U R E - L I M I T E D TRANSIENTS 

A. Def ini t ion 

T R E A T t e m p e r a t u r e - l i m i t e d t r a n s i e n t s a r e defined h e r e a s being power 
e x c u r s i o n s which a t t a in m a x i m u m p o w e r s l i m i t e d only by the nega t ive t e m p e r a -
t u r e coef f ic ien t of r e a c t i v i t y and which show an a p p r e c i a b l e power d e c r e a s e be fo re 
i n s e r t i o n of s c r a m r o d s . Some f lex ib i l i ty i s i m p l i e d by th i s def in i t ion . In the 
c a s e of s tudy of m a x i m u m p o w e r s of t e m p e r a t u r e - l i m i t e d t r a n s i e n t s , any 
t r a n s i e n t s c r a m m e d af ter m a x i m u m power h a s been r e a c h e d i s of i n t e r e s t . 
In c o m p a r i n g e x p e r i m e n t a l b u r s t d u r a t i o n s and peak s h a p e s with the p r e d i c 
t i ons of t h e o r y , t r a n s i e n t s s c r a m m e d af ter the power h a s d e c r e a s e d below 
half the m a x i m u m a r e " t e m p e r a t u r e - l i m i t e d . " And, f inal ly , the m o s t c o m 
ple te c o m p a r i s o n be tween e x p e r i m e n t and t h e o r y of the o v e r a l l b u r s t shape 
and i n t e n s i t y of the power t a i l following the peak r e q u i r e s that s c r a m m u s t 
o c c u r a t a t i m e e q u i v a l e n t to s e v e r a l in i t i a l p e r i o d s af ter the m a x i m u m p o w e r . 

B. D i r e c t C o m p a r i s o n s 

1. C a l c u l a t e d and E x p e r i m e n t a l F e e d b a c k 

Va lues of Akg^^ a s a function of i n t e g r a t e d n e u t r o n dens i ty w e r e 
ob ta ined for s e l e c t e d po in t s f rom the 5 t r a n s i e n t s r e f e r r e d to in Sect ion II. A. 2. , 

and c o m p a r e d with the ca l cu l a t ed 
feedback c u r v e s of F ig . 13. The r e 
sul t ing a g r e e m e n t be tween the smooth , 
n o r m a l i z e d s o l i d - c o r e feedback and 
the s c a t t e r e d , e x p e r i m e n t a l feedback 
da ta poin ts sugges t ed that good gen 
e r a l a g r e e m e n t be tween c a l c u l a t i o n s 
and e x p e r i m e n t could be obta ined by 
m e a n s of th i s feedback r e l a t i o n s h i p . 
F i g u r e 16 shows the e x p e r i m e n t a l 
feedback da ta f rom the 5 t r a n s i e n t s 
u s e d for th i s a n a l y s i s : the n o r m a l i z e d 
s o l i d - c o r e feedback; the s o l i d - c o r e 
feedback n o r m a l i z e d to fit the e x p e r i 
m e n t a l s l o t t e d - c o r e m a x i m u m power 
da ta ; and the cons t an t feedback 
c u r v e of Akgx = -2 .5 x 10"^ AT, a 
s impl i f i ed f o r m of Eq. 6 in t roduc ing a 
neg l ig ib l e e r r o r for th i s r a n g e of kg^^. 
In o r d e r to afford a c o n s i s t e n t c o m 
p a r i s o n , a l l da ta w e r e c o r r e c t e d to a 
c o r e s t a r t i n g t e m p e r a t u r e of SO^C. 

COHPAB SON 
D A T * 

OF 
S 

F I G . 

EXPER 

16 

MENTAL 

FEEDBACK CUfi 

FEEDBACK 

VES 



2. Maximum Transient Power 

Experimental values of maximum transient power for 
temperature-limited excursions are shown in Fig. 17 as a function of 
initial k . Power values were obtained by averaging the maximum read
ings of the linear power instruments. Shown in the figure for comparison 
is the calculated curve obtained on the basis of an initial core temperature 
of 30°C and normalized solid-core feedback relationship. Also included is 
the calculated curve which assumes the same starting temperature , but 
normalizes the solid-core feedback relationship to give good general 
agreement with the slotted-core maximum powers. Suitable agreement 
was obtained by a 10% reduction of the solid-core feedback relationship.* 
Both feedback relationships were adopted for correlating the experimental 
data, as both satisfactorily reproduce the shape of the experimental curves 
of transient power. 
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COMPARISON OF CALCULATED AND EXPERIMENTAL MAXIMUM TRANSIENT POWER 

*As shown in Reference 7, an equivalent increase of power level 
resul ts . 
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Further , the amount of adjustment involved in the normalization to slotted-
core data is comparable to the uncertainty in slotted-core calibration. 
However, the comparison depicted in Fig. 17 represents a check only on 
the Safety 1 and Safety 2 instrument outputs and only up to the maximum 
kgx change between kg^Co) and kex at maximum transient power. For this 
collection of t ransients , this change is ~2.4% - /3gff = 1.7%. A more 
complete comparison would require study of such features of "complete" 
t ransients as peak widths, shapes, and integrated power values. 

3. Integrated Reactor Power 

Figure 18 shows the experimental values of integrated reactor 
power to time of scram. Data were graphed as a function of initial kgx as 
determined from the initial reactor period. No direct comparison was 
made with calculated integrated reactor power because of scatter in the 
actual s c ram t imes. The data of Fig. 18 as extrapolated to a consistent 
final time of 60 sec are displayed in Fig. 19, together with the calculated 
curves of integrated reactor power to 60 sec obtained with the solid-core 
feedback and the solid-core feedback normalized to yield agreement with 
the slot ted-core maximum transient powers. A starting reactor tempera
ture of 30°C was assumed in each case. Because of release of decay 
energy in addition to the estimated 173 Mev per fission for prompt energy 
absorption, the IBM-704 computer integrated power resul ts were multi
plied by I82/173 to include the estimated 9 Mev per fission released over 
the 60-sec duration of the burst.('7) Figure 19 indicates that both feedbacks 
bracket the resul ts , but the descrepancy between either calculated curve 
and a best fit to the experimental data, ~5%, is of the order of uncertainty 
in intercalibrating the integrated power and transient power instruments. 

FIG. IB 

EXPERIMENTAL VALUES OF INTEGRATED REACTOR POWER 
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An a l t e r n a t e check on the ca l cu la t ion of i n t e g r a t e d n e u t r o n 
dens i ty a s a function of kgx(O) for t e m p e r a t u r e - l i m i t e d t r a n s i e n t s i s 
afforded by compar ing e x p e r i m e n t a l v a l u e s of m a x i m u m c o r e t e m p e r a t u r e 
with the va lue s ca l cu la t ed f rom the s o l i d - c o r e and s l o t t e d - c o r e f e e d b a c k s . 
E x p e r i m e n t a l data w e r e obta ined f rom the B r o w n - r e c o r d e r r e a d i n g s of 
output f rom a t h e r m o c o u p l e loca ted a s c l o s e l y as p o s s i b l e to the poin t of 
m a x i m u m co re t e m p e r a t u r e . T e m p e r a t u r e r i s e s w e r e e x t r a p o l a t e d to a 
un i fo rm final t i m e of 60 s e c . Ca lcu la t ed v a l u e s of m a x i m u m c o r e t e m 
p e r a t u r e w e r e b a s e d on the ca l cu l a t ed i n t e g r a t e d n e u t r o n dens i t y , an 
e m p i r i c a l r a t i o of m a x i m u m - t o - a v e r a g e r e a c t o r n e u t r o n d e n s i t y of 1.7,(^) 
and a s t a r t i n g t e m p e r a t u r e of 30°C. The c a l c u l a t e d v a l u e s of i n t e g r a t e d 
n e u t r o n dens i ty w e r e f i r s t mu l t ip l i ed by 1.7 and then c o n v e r t e d to t e m 
p e r a t u r e r i s e s , s ince the noncons tan t spec i f ic hea t of the fuel would l ead 
to i n c o r r e c t r e s u l t s if the r e v e r s e p r o c e d u r e w e r e fol lowed. C o m p a r i s o n 
of e x p e r i m e n t a l and ca l cu la t ed m a x i m u m c o r e t e m p e r a t u r e s i s g iven in 
F ig . 20. 
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C. Transient Power Curve Shapes 

Appropriateness of the feedback curve used to describe the kinetic 
behavior of the TREAT slotted-core loading may be checked, independently 
of problems of normalization and scatter in individual experimental cali
brations, by comparing experimental power curve shapes with power curve 
shapes calculated by means of the feedback relationship. Direct compari
son is given in Figs. 21 through 24, which show experimental power points 
from the log power records for Transients 182, 61, 28, and 174, respec
tively. These excursions were initiated with kex(O) inputs of 0.62% (Tran
sient 182), 1.20% (Transient 61), 1.61% (Transient 28), and 2.42% 
(Transient 174). Also shown for comparison in the figures are the power 
curves calculated for the solid-core feedback relationship and a feedback 
which is a l inear function of integrated neutron density. A third feedback 
relationship* was included in analysis of the solid core, but will not be 
included directly here, because the above cases produce curve shapes 
which bracket its resul t s . For each comparison, calculation and experi
ments were normalized to give the same relative peak power. AH calcula
tions were made for a starting temperature of 30°C. 

*Constant temperature coefficient of reactivity. This is not identical 
with the second case above because of the nonconstant specific heat 
of the fuel. 
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COMPARISON OF CALCULATED AHD EXPERIMENTAL POWER CURVE SHAPES 
FOR TRANSIENT INITIATED WITH 2.12% k^ . 
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The figures show that, although the calculated curves give a reason
able approximation of the experimental peak shape, agreement in the "tail" 
region beyond the peak is not as good. The 2 feedback functions yield 
power curves which usually bracket the experimental points. If the data 
indicate a general trend, it is that the linear feedback gives a slightly 
better tail shape. However, a significant portion of any such tendency 
could be due to uncertainties in the experimental calibrations. 

Curve-shape indices are more convenient for checking curve shape 
if relatively large numbers of t ransients are concerned. For example, 
indices afford a quick means of testing the accuracy of an experimental 
power curve shape prior to using that shape for calculation of temperatures 
in a meltdown sample.(1) Figure 25 shows experimental values of a power 
peak width index, "peak half-width," from log power records as a function 
of kgx(O) obtained from the initial reactor periods. Also given in the figure 
is a curve from calculations made with the solid-core feedback. Power 
peak half-width is defined as the time between points of half-maximum 
transient power. A check of the decrease in reactor power after the peak 
is shown in Fig. 26, which displays the ratio of reactor power at a time one 
half-width after the maximum power to the maximum reactor power. 

Si 

FIC. 2S 

POWER PEAK HALF-WIDTH COMPARISON 
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COMPARISON OF POWER HALF-WIDTH AFTER MAXIMUM TRANSIENT POWER 

Experimental points were taken from the log power t races and graphed as 
a function of kgj,(0) obtained from the initial reactor periods. Included in 
Fig. 26 is a calculated curve obtained by means of the solid-core feedback. 
Both indices are of importance in testing a given power curve before using 
it for temperature calculations for a meltdown sample, since small inaccu
rac ies in recorded calibration or recorder trace reading can introduce 
large changes in the magnitude of the power tail following the peak proper, 
or appreciably distort the peak itself. Distortions of the power curve, in 
turn, can mater ia l ly change the calculated sample temperatures . For 
example, too large a proportion of the energy input occurring in the power 
tail would resul t in too small a calculated temperature r i se , and thus a 
low maximum calculated temperature . 

D. Conclusions 

From the preceding survey of the temperature-l imited kinetics of 
TREAT excursions with the slotted-core meltdown experiment loading, it 
would appear that the previously reported solid-core feedback relationship 
reproduces (within ~10%) the salient features of temperature-l imited 
power peaks. Normalization of the absolute magnitude of the feedback 
relationship to obtain better agreement with the ensemble of maximum 
transient power data points was made by means of the technique followed 
in the study of the solid-core kinetics,(7) with the result that the nor
malized calculated curve shapes showed good agreement with experiment 
for maximum transient power and 2 cr i te r ia of peak shape. However, the 
detailed power curve shapes did not agree, in general, as well, Direct 
comparison of the calculated and experimental power curve shapes (see 
Figs. 2 1-24) showed the experimental power decreasing somewhat more 
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s h a r p l y f rom the m a x i m u m than the c a l c u l a t e d power ob ta ined by m e a n s 
of the s o l i d - c o r e feedback. E x p e r i m e n t a l power t a i l s w e r e l o w e r than 
ca l cu la t ed by m e a n s of the s o l i d - c o r e feedback . S i m i l a r l y , e x p e r i m e n t a l 
i n t eg ra t ed power v a l u e s w e r e ~ 5 % lower than c a l c u l a t e d by m e a n s of p e a k 
p o w e r - n o r m a l i z e d s o l i d - c o r e f e e d b a c k . * 

No fu r the r n o r m a l i z a t i o n o r fitt ing of c a l c u l a t i o n to e x p e r i m e n t was 
a t t emp ted . In p r i n c i p l e , changes m i g h t be m a d e in the shape of the feed
back r e l a t i o n s h i p , p r o m p t n e u t r o n l i f e t ime , or /3g££. S ince no good t h e o 
r e t i c a l or e x p e r i m e n t a l ev idence e x i s t s for m a k i n g such c h a n g e s in an 
unambiguous fashion, and s ince the ex i s t ing c o r r e l a t i o n a p p e a r s to be 
s a t i s f a c t o r y for a g e n e r a l d e s c r i p t i o n of the r e a c t o r b e h a v i o r , the ef fec ts 
of such changes w e r e not i nves t i ga t ed . 

Both the s o l i d - c o r e feedback and th i s f eedback n o r m a l i z e d to give 
good a g r e e m e n t on m a x i m u m t r a n s i e n t power ( see F ig . 13) w e r e u s e d in 
su rvey ing r e a c t o r p e r f o r m a n c e for s p e c i a l l y p r o g r a m m e d t r a n s i e n t s and 
h igher i n t e g r a t e d power v a l u e s . In p r i n c i p l e , the f eedback n o r m a l i z e d 
to m a x i m u m p o w e r s would be p r e f e r r e d for s t u d i e s of T R E A T b e h a v i o r at 
power l eve l s n e a r the m a x i m u m , s ince such s t u d i e s would be b a s e d on the 
output of the i n s t r u m e n t s used for that n o r m a l i z a t i o n . 

* T h e magn i tude of th is effect i s c o m p a r a b l e to that expec t ed f r o m the 
dev ia t ion in power c u r v e s h a p e s af ter the m a x i m u m p o w e r . How
eve r , the magn i tude of th is effect i s a l s o c o m p a r a b l e to e x p e r i m e n t a l 
u n c e r t a i n t i e s . 
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IV. SPECIALLY PROGRAMMED TRANSIENTS 

A. Clipped Transients 

Reactor t ransients clipped by preset control-rod scram have been 
frequently employed in the meltdown experimentation.(U Two principal 
types of clipped t ransients are of interest ; 

(1) t ransients which are scrammed during the initial exponential 
increase of power, and whose character is t ics are determined by 
the initial period and the clipping k as a function of t ime. 

(2) t ransients which are scrammed near or after the t empera tu re -
limited power peak, and whose character is t ics are determined 
by the time of sc ram, as well as by the initial period and the 
clipping kgx function. 

Detailed specification of a clipped transient requires , in principle, 
the exact rod configuration at the time of scram [to provide the total Akgx 
of the clip and the details of kgx vs time for the rod originally in the core 
to adjust total kgx (0)], the exact p ressu re setting of the rod drives (to 
provide the time duration of the scram movement), and the exact t ime de
lay between the sc ram signal and the s tar t of rod motion. In pract ice, 
these pa rame te r s were not constant, but most were found to be sufficiently 
uniform that general agreement was obtained between experiment and 
calculation by the use of one set of nominal clipping kex(t) data. Only the 
time delay, which was found to vary in a random manner between zero 
and 100 ms , could not be included in the nominal clipping kex(t) function. 

Figure 27 shows 2 experimental power curves for t ransients initi
ated with 1.5% kgx and clipped before the temperature- l imi ted peak. One 
is the Log 1 output for Transient 46, a typical experiment in the first 
meltdown ser ies , which employed the clipped mode of operation. The other 
experimental curve is the Log 1 record from a later transient run after 
the original Mark I control drives(6) had been replaced by the more versat i le 
Mark II rod drives.(^5) Also shown is a calculated 1.5% transient clipped at 
about the same place on the tempera ture- l imi ted power curve as the ex
per iments . The 3 curves have been normalized to the same maximum 
relative power to obtain the best possible comparison of curve shape. 
Reasonable agreement of the calculation with Transient 46 is obtained over 
the major portion of the curves . The apparent disagreement of the cal 
culation and Transient 267 is part ly the result of the experiment having 
been clipped somewhat nearer the tempera ture- l imi ted peak than the 
calculation. 



FIG. 27 

COMPARISON OF CALCULATED AND EXPERIMENTAL POWER CURVE SHAPES FOR 

I.5S k TRANSIENT CLIPPED BEFORE TEMPERATURE-LIMITED POWER PEAK 

Figure 28 presents a family of curves calculated for t ransients of 
1.5% initial kgx clipped near or after the temperature- l imited power peak. 
The arrows locate the times at which the clip signals would have to be 
given to obtain these curves if a delay of 25 ms was assumed. The curves 
also demonstrate the dependence of the power curve half-width upon the 
power at the start of the control-rod motion. 

0.4 0.8 

CALCULATED REACTOR POWER VS TIME FOR 6 CLIPPED 1.51 k^, TRANSIENTS 
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The comparison of the half-widths of the experimental and cal
culated clipped t ransients constituted a further test of the accuracy of the 
nominal clipping kgx(t). Figure 29 i l lustrates this comparison. Three 
calculated curves of half-width are given as functions of initial kgx- One 
assumed the clipping rod motion to begin on the initial exponential r i se ; 
the second assumed the clip began at one-half the temperature- l imited 
maximum power; and the third assumed the clip began at the tempera ture-
limited peak. The half-widths of experimental clipped transients are also 
plotted in the figure. For convenience, the experimental points have been 
divided into 3 groups: those in which the transient attained a maximum 
power less than one-half the temperature- l imited maximum; those in which 
the maximum power was greater than half, but less than equal to that of 
the temperature- l imi ted peak; and those which attained a power, within 
experimental uncertainty, equal to the temperature- l imited maximum for 
that kex(O). The figure indicates a good agreement between calculation 
and experiment. However, this comparison is independent of any delay time 
between the signal and s tar t of the clipping motion. 

HALF-WIDTH OF REACTOR POWER PEAKS FOR TRANSIENTS CLIPPED BEFORE AND AT 
TEMPERATURE-LIMITEO POWER PEAK 

In Fig. 30 is plotted the ratio of integrated power at the clip signal 
to the total integrated power for the transient as a function of initial kgx-
The experimental points have been divided into the groups used in Fig. 29, 
but are fewer in number, as the integrated power data were not always 
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available. The total integrated power values have not been extended to a 
common final t ime; however, for no point shown should this correct ion ex
ceed 5%. The delay time and absence of the correction to common final 
time contribute to the experimental scat ter . Three calculated curves are 
also shown. These correspond to calculations in which the rod motion be
gan on the exponential r ise , at half the temperature- l imited maximum 
power, and at the temperature- l imited peak, and with the clip signal p r e 
ceding the rod motion by 50 m s . A common final time of 60 sec was used 
in the calculations. The 50-ms time delay has been found sufficient to 
place most of the experimental points in approximately the correct location 
between the curves for peak and half-peak power clips. 

RATIO OF INTEGRATED REACTOR POWER AT CLIP SETTING TO TOTAL 
INTEGRATED REACTOR POWER FOR TRANSIENTS CLIPPED BEFORE AND 

AT TEMPERATURE-LIMITEO POWER PEAK 

The effect of the time delay on the total integrated power of clipped 
transients initiated with 1.5% kgx is illustrated more clearly in Fig. 31. 
Here the calculated total integrated power has been plotted as a function 
of the integrated power at the clip signal and various delay t imes . Curves 
are given for time delays of 0, 25, 50, 75, and 100 m s . The calculated 
curves end at about 480 Mw-sec, as this is the integrated power of a 
1.5% kgx(O) temperature-l imited transient at 60 sec. Also given in the 
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figure are experimental points for clipped transients initiated with kgx 
between 1.47% and 1.53%. As in the previous figure, these points have not 
been corrected to a common 60-sec final time, yet almost all lie well with
in the calculated envelope. The spread of the points also is an indication of 
the randomness of the delay t ime. 

EXPERIMENTAL POINT 

. 50 MILLISECOND DELAY 

25 MILLISECOND DELAY 

0 MILLISECOND DELAY 

INTEGRATED POWER AT CLIP SETTING. MEGAWATT-SECONDS 

F I G . 3 1 

TOTAL INTEGRATED TRANSIENT POWER AS A FUNCTION OF 
INTEGRATED POWER AT CLIP SETTING AND DELAY TIME FOR 

1.5% k CO) TRANSIENTS 

Figure 32 extends these results to clipped transients of other initial 
k . In this case, the total integrated power has been plotted against the 
integrated power at the clip signal, with an assumed delay of 50 ms , for 
t ransients with initial kgx of 1.1%, 1.5%, and 1.8% The vertical bars give 
the variation to be expected in total integrated power for delay t imes be
tween 0 and 100 m s . Clipped transients of 1.1% and 1.5% initial kgx have 
been frequently used in the meltdown experimentation.! 1) The curve for 
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clipped transients of 1.8% initial kgx is included for comparison to indicate 
the properties of clipped transients with appreciably shorter initial per iods. 
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B. Constant-power Transients 

1. General Characterist ics 

Given knowledge of the reactor-kinetics propert ies for 
temperature-l imited transients and the character is t ics of the special "slow 
scram" mode of operation of the control-rod drives,(15) it becomes possible 
to determine the performance of constant-reactor-power t rans ients . Such 
transients may be described in te rms of 4 phases: 
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(1) initial power r i se on an exponential period; 

(2) reduction of kgx until the time derivative of reactor power 
is zero*. 

(3) sustaining neutron density at a constant level by addition 
of reactivity by control-rod motion to compensate for the 
negative temperature coefficient of reactivity; 

(4) termination of the transient either by scramming the 
reac tor , or by halting the sustaining rod addition and letting 
the negative tempera ture coefficient shut down the reactor . 

Phase two may be accomplished either by a pre-programmed rod 
movement or by utilizing the negative temperature coefficient of reactivity 
of the reac tor . The latter approach has been adopted for meltdown experi
mentation,(l) since it has so far provided sufficient experimental flexibility 
and places less severe demands on reactor-control operations. 

In setting up specifications for a constant power transient , the 
reactor power level and total integrated power are first established. Next, 
the initial kgx corresponding to a temperature- l imi ted peak power equal to 
the desired reactor power is determined from the normalized theoretical 
curve of Fig. 17. In turn, this kex(O) defines: 

(1) the integrated reactor power up to the s tar t of the constant 
power portion of the transient; 

(2) the kgx(t) for the constant-power transient . 

The integrated reactor power to the temperature- l imited peak 
may be obtained either from integration of the transient reactor power 
records , or from calculations. As indicated by the good agreement of ex
periment and calculations on power curve shapes (see Section III.C.) and the 
normalization to maximum transient power (see Section III.B.), calculation 
and experiment agree well on this point. Figure 33 is a comparison of cal
culated and experimental values of integrated power to the tempera ture -
limited peak as a function of initial kgx- This figure demonstrates that, 
over a range of values of kgx (0) of in teres t experimentally for meltdown 
testing** (initial kgx from 0.4 to 0.7%), the integrated power to peak is 

*In general , because of the delayed neutrons, the kgx at this time is not 
zero; it inc reases toward Pgff asymptotically as the initial period 
approaches zero . 

**See Table III of Reference 1. 
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essentially constant at ~30 Mw-sec. Given the integrated power to peak, 
the duration of the constant-power portion of the burst can be fixed. Hence, 
for kex(O) in the range from 0.4 to 0.7%, the duration of the constant-power 
portion is given approximately by 

T - 30 
(11) 

where D is duration in seconds, T is total integrated power desired in 
Mw-sec, and Pj is the temperature- l imited peak power level in Mw. For 
higher values of kex(O). Fig. 33 is needed. 
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INTEGRATED REACTOR POWER AT TEMPERATURE • ITED MAXIMUM 

For an ideal, constant-neutron-density transient, the sustaining 
kgx is not equal to the change in kgx produced by the reactor temperature 
coefficient of reactivity. The sustaining k is somewhat smaller , since, 
during the course of the transient, the reactor kgx decreases asymptotically 
from its value at the time of the temperature- l imited power peak to zero 
as the delayed neutron precursors approach equilibrium. This is il lustrated 
in Fig. 34, which shows curves of kgx as a function of time calculated for a 
constant-power transient initiated with 0.50% kgx- Calculations were ex
tended well beyond the range of typical constant-power durations to display 
the asymptotic nature of the kex necessary to sustain the constant-power 
level. For clarity, the sustaining kgx necessary to compensate for the 
heating of the reactor has been omitted from Fig. 34. Figure 35 shows the 
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calculated sustaining kgx for the ideal constant-power transient of Fig. 34. 
Both figures are typical of this sort of transient, except for time scale and 
kgx at the s tar t of sustaining kgx-

- i — \ — I — I — I — I — I — I — I — I — I — I — I — I — I — \ I I I I I I I r 
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The calculated sustaining kgj^ curves for 5 ideal, constant-power 
transients with kĝ ^ (0) between 0.50 and 0.95% are displayed in Fig. 36. 
The curves have been plotted with their respective temperature- l imi ted 
peaks as time zero. Both the solid-core and slotted-core feedback re la 
tions yield the same calculated curve of kgx due to reactor heating if the 
corresponding value of constant-power level is used. This is due to a can
celation of the peak-power normalizing factor by an equivalent reduction 
in the feedback function. To a limited extent, the curvatures of the reactor 
temperature feedback and the ideal kgx curves cancel, giving nearly linear 
sustaining kgx curves over the duration and kex(O) ranges of principal past 
interest for meltdown experiments.(1) Slopes of these curves are not p ro
portional to the corresponding constant-power levels because of the non-
constant, nonzero kex required during the constant-power region by the 
delayed neutrons. 

1 

— / 

1 

/k^^(O) 

-^'^ 

1 
= 0.955 

1 

1 

0.805 

1 

1 

>/o .7CS 

1 

1 1 . 

^,,.'•'•'^.60% 

1 1 

H 1 

^---•-'''''^O'i, 

1 1 

— 

-

-

TIME AT CONSTANT POWER LEVEL, SEC 

F I G . 36 

CALCULATED SUSTAINING k VS TIME CURVES 

It should be noted that these sustaining kex curves a re based on 
the average neutron density in the reactor, not the reactor power. Hence, 
the curves apply to all constant-power transients initiated with the kex(O) 
values shown, regardless of exact reactor loading and Ne (or actual power 
level), as long as the reactor-kinetics behavior can be adequately r e p r e 
sented by the slotted-core (or solid-core) meltdown experimental feedback 
relationship. Because of the small, - 5 % , difference between experiment and 
calculations based on either the solid-core or the slotted-core feedback, 
these curves would appear to have rather general utility for constant-power 
TREAT experiments. 
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2. Limitations on Constant-power Transients 

Certain limitations may be placed on specifications of constant-
power t ransients as a result of operating res t r ic t ions . The basic restr ic t ion 
is the current operating limitation of a 400°C maximum core temperature .* 
It is estimated that a maximum core temperature of 400°C would be attained, 
with the slot ted-core meltdown loading, as the result of a tempera ture-
limited t ransient initiated from 30=0 with 2.95% (2.77%) kgx.** Hence, the 
maximum allowable constant-power transient for a given kgx(O) could be 
defined in either of 2 ways: 

(1) a constant-power duration giving a total integrated power, 
which would produce a maximum core temperature of 400°C; 

(2) a constant-power transient with a total available kgx (initial 
kex and sustaining kex) of 2.95% (2.77%). 

The more conservative second definition has been adopted. Its extension to 
values of limiting kex below the maximum allowable of 2.95% (2.77%), which 
result from specific analysis of individual meltdown experiments, is 
straightforward. 

The practical difference in the 2 cr i te r ia is considerable. T 
Figure 37 shows the calculated duration of ideal constant-power transients 
based on the following criteriaTT: 

A. maximum reactor temperature = 400°C 

B. kex(O) + sustaining kgx = 2.95% 

B ' . kgx(O) + sustaining kgx = 2.77% 

C. kex(O) + sustaining kgx = 1.50% 

D. kgx(O) + sustaining kgx = 1.10%. 

•Based on the es t imate that the Zircaloy cladding of TREAT fuel would have a lifetime of 
" y e a r s " of continuous operat ion at 400°C.l ' ) 

**The la t te r value is obtained from calculat ions with the s lo t ted-core feedback; the former 
a s s u m e s the so l id -core feedback. Calculations for both have been made and the resu l t s 
will be noted in this manne r . 

tThe genera l case may be most eas i ly t rea ted in the approximation of no delayed neutrons 
and a feedback re la t ion Ak^x = "b / n d t . For an instantaneous addition of kex(O) - kl + ^z, 
the total bu r s t integrated neutron density is 2(ki + k^j/b. For kex(O) = k,, and power 
maintained at the peak by sustaining k^^ = ^z, the total burs t integrated neutron density 
becomes (Zk^ + k2)/b. 

t tTo ta l kgx values of 1.50 and 1.10% a re typical l imitat ions for specific exper iments that 
have been pe r fo rmed . As previously s tated, a kg^(O) + sustaining kgx ot 2.95 using the 
so l id -core feedback (or 2.77% and the s lo t t ed-core feedback) will resu l t in a maximum 
core t e m p e r a t u r e of 400°C if the total available kgx accidental ly ini t iates the t r ans i en t . 
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For the calculation of the first case, simplifying assumption was made 
that the integrated power generated after the end of the constant-power 
portion was negligible. 

It should be noted 
that the integrated reactor 
power developed up to the end 
of the constant-power portion for 
these ideal t ransients is not ex
actly equal to the integrated 
power to the t empera tu re -
limited maximum plus the pro
duct of that maximum power and 
the duration. During the "con
stant power" portion of the t ran
sient, the neutron density 
remains constant, but the total 
reactor power increases slowly, 
because the "effective s ize" of 
the reactor increases as the 
sustaining rod motion removes 
control-rod poison from the core. 
For typical meltdown t ransients , 
this increase is of the order of 
a few percent, ~4%; hence, it 
increases the integrated power 
by ~2%. Accordingly, in this 
report no distinction will be 
made between the case of 
constant-neutron-density t ran

sient for which this power increase occurs , and the case of constant-reactor-
power transients for which an equal and opposite change of neutron density 
occurs.* The effective size of the core during a constant-power burst will 
be assumed to be constant and equal to the effective size determined by the 
kex(O)-

*This magnitude of increase or decrease is well within actual power var i 
ations observed in experimental constant-power t ransients , and is com
parable to variations in temperature-l imited power peaks caused by 
typical deviations in kex(O). Over the kgx (0) region of principal melt
down experimentation interest , 

APj , Akgx(O) 

FIG. 37 

I ALLOWABLE DURATION OF CONSTANT POWER 

AP^ kex(O) 

where P^ is the temperature- l imited maximum power (see Fig. 17). 
Hence, if a constant-power transient planned for kg^ (0) = 0.60% 
were actually run with kg 0.61%, the difference between the 
planned and actual temperature- l imited peak power would be ~7% 
(assuming no experimental scat ter) . 
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Results of the calculations of maximum transient durations as 
a function of kex(O) and different limitation cr i te r ia may also be presented 
as maximum allowable integrated power. Curves of maximum integrated 
power for the c r i te r ia employed for Fig. 37 are shown in Fig. 38. Here, it 
was assumed that no integrated power was generated after the finish of the 
constant-power region. The curves of Fig. 38 thus apply to ideal constant-
power t ransients terminated by rod sc ram. Hence, if there were no scram, 
the actual integrated power of the curve for limitation A would be appreciably 
higher and violate the core- tempera ture limitation. In the cases of limita
tions B, C, and D, absence of rod scram would increase the total integrated 
powers above those shown, but the respective total kg^ cr i ter ia would not 
be exceeded and the limitations would not be violated. The slight increase 
in total integrated power as kgx(O) increases for the limitation A is due to 
the increased effective core size with greater kgx(O). For the other l imi
tations, the details of the feedback relationship curve and the relative 
effectiveness of sustaining kgx and kex(O) become important. Note the con
siderable decrease in total integrated power as kgx(O) increases for the 
limitation of total kpx = 1.10%. 

A MAXIMUM REACTOR TEMPERATURE = W O ° C 

B k ( 0 ) • SUSTAINING k = 2 . 9 5 « 

fli k ( 0 ) + SUSTAINING k = 2 . 7 7 * 

C k ( 0 1 + SUSTAINING k = I . EOt 

O k [ 0 ) + SUSTAINING k = I . I O S 

CALCULATED USING SOLID-CORE FEEOBACK 

CALCULATED USING SOLID-CORE FEEDBACK 

NORMALIZED Tfl SLOTTED-CORE MAXIMUM 

1 POWERS I 

J I I 1 1 1 1 1— 

V A R I A T I O N I N A L L O W A B L E I N T E G R A T E D POWER W I T H k ^ / O ) 

FOR C O N S T A N T - P O W E R T R A N S I E N T S 

In determining the curves for Figs. 37 and 38, calculations based 
on both the solid-core and slotted-core feedbacks were made for each 
limiting cr i ter ion. F i rs t , the total integrated power for limitation A was 
found. This curve is identical for both feedback relations, as it depends 
only upon the desired initial and final temperatures and the initial kg^j.. 
The duration of the constant power for this cr i ter ion was calculated by 
means of Equation 11, in which the proper integrated power to peak was 
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s u b s t i t u t e d . As the power and i n t e g r a t e d power to p e a k for the c l o t t e d - c o r e 
feedback a r e 10% g r e a t e r than the va lue s d e t e r m i n e d by the s o l i d - c o r e f eed 
back , and a s each kex(O) y i e ld s only a s ing le va lue of t o t a l i n t e g r a t e d p o w e r , 
the s l o t t e d - c o r e f eedback g ives a c o n s t a n t - p o w e r d u r a t i o n c u r v e about 10% 
be low that for the s o l i d - c o r e f eedback . 

B e c a u s e of the i n c r e a s e d s l o t t e d - c o r e feedback p o w e r l e v e l s , the 
t e m p e r a t u r e a t t a ined by a 6 0 - s e c t e m p e r a t u r e - l i m i t e d t r a n s i e n t of g iven 
kgx(O) is h ighe r than if the s o l i d - c o r e f eedback w e r e u s e d . T h u s , the t o t a l 
kgx needed to r e a c h the 400°C m a x i m u m t e m p e r a t u r e ( l im i t a t i on B) is 
s m a l l e r for the s l o t t e d - c o r e feedback (2.77% as opposed to 2.95% for the 
s o l i d - c o r e f eedback) . Since the su s t a in ing kgx (t) c u r v e s a r e independen t of 
the feedback r e l a t i o n u s e d , a s h o r t e r d u r a t i o n of cons t an t power is aga in ob
ta ined for the s l o t t e d - c o r e f eedback . Howeve r , the s h o r t e r d u r a t i o n is 
n e a r l y ba l anced by the h ighe r c o n s t a n t - p o w e r l e v e l for t he s l o t t e d - c o r e 
feedback, and e s s e n t i a l l y the s a m e value of to ta l i n t e g r a t e d p o w e r r e s u l t s 
for each kgx (0). 

F o r l i m i t a t i o n s C and D, the c o n s t a n t - p o w e r d u r a t i o n s a r e 
iden t i ca l for both feedback r e l a t i o n s s ince the t o t a l k v a l u e s a r e equa l . It 
follows that the c o r r e s p o n d i n g i n t e g r a t e d power c u r v e s have a 10% s e p a r a 
t ion with the s l o t t e d - c o r e feedback c u r v e be ing the h i g h e r . 

F i g u r e s 39 th rough 43 a r e power c u r v e s for 5 e x p e r i m e n t a l 
c o n s t a n t - p o w e r t r a n s i e n t s . The f igu res ind ica te s o m e of the d i f f icu l t ies in 
obta in ing th i s type of e x c u r s i o n s a t i s f a c t o r i l y . The m o s t i m p o r t a n t of t h e s e 
diff icul t ies involves addi t ion of the sus t a in ing kg^̂ . in a m a n n e r such tha t the 
t e m p e r a t u r e - l i m i t e d m a x i m u m power is m a i n t a i n e d . 
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REACTOR POWER VS TIME FOfl TRANSIENT 126 • (0) = C.69S 
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FIG. l|0 

REACTOR POWER VS TIME FOB TRANSIENT 127 - k (0) = 0 .7m 
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FIG. U2 

fiEACTOR POWER VS TIME FOR TRANSIENT 231 - k (0) = C.67J 
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FIG. U3 

REACTOR POWER VS TIME FOR TRANSIENT 236 - k (0 ) - 0.1|9« 

The f i r s t p r o b l e m is to d e t e r m i n e when to s t a r t the s u s t a i n i n g 
kgx- It m u s t begin p r o m p t l y with the t e m p e r a t u r e - l i m i t e d p e a k , and 3 
m e t h o d s a r e ava i l ab le for a s c e r t a i n i n g the peak : 

(1) The t i m e of the peak m a y be p r e d i c t e d f rom p r e v i o u s 
t r a n s i e n t s of the s a m e kex (0) and r e a c t o r con f igu ra t i on . 

(2) The m a x i m u m power l eve l m a y be p r e d i c t e d f rom the k g x ( ' 
and F ig . 17. 

(3) The t i m e d e r i v a t i v e of r e a c t o r power m a y be t a k e n d u r i n g 
the ac tua l t r a n s i e n t . 

The f i r s t me thod a s s u m e s tha t the in i t i a l r e a c t o r cond i t ions , 
including the value of kex(O), can be a c c u r a t e l y r e p r o d u c e d . A t t e m p t s 
have been m a d e to p e r f o r m g r o u p s of i den t i ca l kex(O) t r a n s i e n t s , and the 
r e s u l t s have shown an a v e r a g e v a r i a t i o n in kex(O) of ~ 3 % of the d e s i r e d 
v a l u e . This p l a c e s a l imi t on the a c c u r a c y of p r e d i c t e d p e a k t i m e s . N e v e r 
t h e l e s s , in s e v e r a l e a r l y c o n s t a n t - p o w e r e x c u r s i o n s , the s u s t a i n i n g k 
was s t a r t e d at a p r e s e t t i m e which, it was hoped, was n e a r the p e a k . The 
t r a n s i e n t s of F i g s . 39 and 40 w e r e of t h i s t y p e . 

The second me thod s t a r t s the su s t a in ing kgx when the r e a c t o r 
has a t t a ined a p r e s e l e c t e d power l e v e l . The power l eve l of the t e m p e r a t u r e -
l imi t ed peak is s e n s i t i v e l y dependent upon the kgx(O), and, t h e r e f o r e , t h i s 
me thod is a l so subject to the inabi l i ty to obta in the d e s i r e d kex(O) wi th in 
~ 3 % . No c o n s t a n t - p o w e r t r a n s i e n t s have been p e r f o r m e d by m e a n s of t h i s 
me thod of d e t e r m i n i n g the p r o p e r t i m e to begin the s u s t a i n i n g k 
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Taking the time derivative of the reactor power during the ex
cursion allows the peak to be determined independently of the reactor con
figuration, the power level actually attained, and e r r o r s in kg^(O). The 
sustaining kex in this case is begun when a differentiating circuit observes 
a negative t ime derivative of reactor power. This method has been used 
for all recent constant-power t rans ients , including those of Figs. 41, 42, and 
43. Examination of these figures will show that the sustaining kg^ always 
began slightly after the peak. This is mainly due to a delay in the rod drive 
mechanism between starting signal and the actual rod movement. The 
empir ica l approach has been used to obtain desired power curve shapes. 
Rod position, rod speed, and negative derivative tr ip setting have been 
varied. 

If the sustaining kgx is begun at the proper t ime, the curve of 
the sustaining kgx vs t ime still must have the correct shape to maintain 
the power. Supplying the sustaining kgx too rapidly will cause the reactor 
power to increase ; s imilar ly , the rate of reactor power decrease will 
only be reduced if sustaining kgx is supplied too slowly. 

The sustaining kg^ of Fig. 39 was added at a rate initially 
greater than necessa ry to maintain the power at the time addition began. 
However, this ra te was not sufficient to compensate for the reactor heating 
at the result ing higher peak power. Thus, the power rapidly increased at 
f irst , and then slowly decreased. At about 25 sec, the sustaining kg^ 
ceased, and the power continued to decrease in the fashion of a t empera ture -
limited excursion. The average power during the sustaining kg^ period was 
very near ly that of the initial temperature- l imi ted peak. 

In Fig. 40, the sustaining kgx was begun well after the peak, 
and the power level maintained was below the temperature- l imited maxi
mum. Again, too much sustaining kgx was added, which caused the power 
first to increase and then to fall off as the reactor heated. At about 30 sec, 
the sustaining kgx ended and the transient was allowed to continue in a 
t empera ture - l imi ted manner . 

The sustaining rate of addition of kgx of Fig. 41 was insufficient 
to balance the removal of kex by reactor heating, and the power level de
creased constantly until the reactor was scrammed at about 9.3 sec. 

The sustaining kgx of Transient 231 (Fig. 42) was begun some
what after the peak, and was added at a ra te only slightly greater than the 
calculated ideal. The power increased to 14.1 Mw and then had fallen to 
about 13.2 Mw when sc ram occurred at 18.7 sec . The average power 
during this time was 13.8 Mw with a variation of ~4%. 



54 

Figure 43 is the power curve from the best constant-power 
transient obtained to date. The sustaining kgx began slightly after the 
peak and was added at very nearly the ideal rate, as the power varied 
only from 3.56 to 3.67 Mw over a period of some 20 sec. The average 
"constant" power for this t ransient was 3.61 Mw, with a variation of 1.5%. 
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V. PERFORMANCE EXTRAPOLATIONS 

Extrapolations of tempera ture- l imi ted t ransient performance for 
maximum core tempera tures in the range from 400 to 700°C in the TREAT 
reactor have been presented for the simple, sol id-core loading.^ ' Because 
of changes in feedback, core tempera ture distribution, and effective core 
size produced by the large perturbations in the core for typical slotted, 
meltdown experimental loadings, those extrapolations do not apply to load
ings s imilar to that considered herein . The theoretical solid-core feedback 
and this feedback normalized to the slot ted-core maximum reactor powers, 
together with es t imates of effective reactor size, have been utilized to ex
trapolate performance beyond that studied experimentally. Starting t em
perature was 30°C. 

Based on the comparisons of Section III, the following general p r e 
dictions may be made about the extrapolations: 

(1) Extrapolations of maximum transient power by means of the 
slot ted-core feedback should be close to measured values. 

(2) Extrapolations of integrated transient power based on both 
feedbacks should bracket the experimental values, the solid-core feedback 
giving the better resu l t s . 

(3) Extrapolations of maximum core temperature should also 
bracket the measured resul ts with somewhat less e r ro r than found in the 
extrapolation of integrated t ransient power, because of the nonconstant 
specific heat of the fuel which increases with increasing tempera ture , and 
the use of an empir ical maximum-to-average neutron-density factor. 

Extrapolations of maximum transient power are shown in Fig. 44. 
The extrapolations of integrated transient power at 60 sec are displayed 
in Fig. 45, and the extrapolations of maximum core temperature by means 
of a reactor maximum-to-average neutron-density ratio of I .7 are given 
in Fig. 46. The energy correct ion of 9 Mev per fission decay was used m 
both Fig. 45 and Fig. 46. 

The figures indicate that, if the solid-core feedback is used, the 
maximum core tempera ture of 400°C would be reached during a temperature-
limited transient of 2.95% kg^( 0 ).* This transient would yield an integrated 
power at 60 sec of 1150 Mw-sec. The corresponding values for the slotted-
core feedback are 2.77% and 1140 Mw-sec. Although the same integrated 
neutron density is attained in both t rans ients , the inequality of integrated 
powers is due to the difference in initial kgx, which gives slightly different 
values of Ng, the effective core s ize . 

c 

*The most severe t ransient run with TREAT was initiated with 2.95% kex 
and attained a maximum power of 4400 Mw and an integrated power of 
1 01 0 Mw-sec. 
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EXTRAPOLATION OF MAXIMUM CORE TEMPERATURE FOR 
TEMPERATURE-LIMITED TRANSIENTS, SLOTTED CORE LOADING 

The maximum core temperature of 700°C* is predicted to result 
from a transient with a kgx( 0) of 4.80% and integrated power of 2690 Mw-sec 
if the solid-core feedback is used. The slotted-core feedback indicates val
ues of 4.52% and 2670 Mw-sec. 

Comparison of these extrapolations and new ones for the solid core 
is given in Table I. A slight decrease in maximum-to-average flux ratio 
is the cause of the increase in kg^(o) from the solid-core extrapolations to 
those of the slotted core if the solid-core feedback is used. The difference 
in maximum and integrated powers is due to changes in both flux ratio and 
effective core s ize. The solid-core extrapolations have been recalculated 
and differ somewhat from those previously reported,^^' as slightly different 
data and techniques have been used. 

Table I 

COMPARISON OF SOLID-CORE AND SLOTTED-CORE EXTRAPOLATIONS 

kex(o) for 400°C Max Core Temperature, % 
Integrated Power for 400''C, Mw-sec 
Maximum Power for 400°C, Mw 
k (O)for 700°C Max Core Temperature, % 
Integrated Power for 700°C, Mw-sec 
Maximum Power for 700°C, Mw 

Solid Core 

2.94 
900 

3,420 
4.78 

2,120 
15,200 

Solid-core Fee 

2.95 
1,150 
4,380 

4.80 
2,690 

19,300 

Slotted Core 

dback Slotted- core Feedback 

2.77 
1,140 
4,080 

4.52 
2,670 

18,000 

*This temperature is probably the maximum for short-t ime operation 
(see Ref. 5). 
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